Picornaviruses have been isolated from a variety of hosts, mainly mammals and birds. Here, we describe the sequence analysis of carp picornavirus 1 (CPV-1) F37/06 that was isolated from an organ pool (heart, brain, liver) of a common carp (Cyprinus carpio). This carp perished after an accidental discharge of liquid manure into a fish pond and presented without obvious clinical symptoms. Experimental intraperitoneal infection of young carp with CPV-1 revealed no clinical signs, but the virus was re-isolated from various organs. Sequence analysis of almost the complete genome (7632 nt excluding the poly-A tract) revealed a novel picornavirus clade. In phylogenetic trees, the polymerase sequence clusters with parechoviruses, duck hepatitis A virus, eel picornavirus and aquamavirus A. The ORF includes 6807 nt and encodes a polyprotein of 2269 amino acids. CPV-1 has a genome layout like that of picornaviruses except for the presence of two aphthovirus 2A- 3D pol shows the closest similarity to eel picornavirus, with an amino acid identity of 40.8 %,
INTRODUCTION
All members of the family Picornaviridae are small, nonenveloped, icosahedral viruses (Knowles et al., 2012) . Their positive-strand RNA genomes range in size from 7000 to 9100 nt. A virus-encoded peptide (3B VPg ) is linked covalently to the 59-end of the RNA. The structure of the 59-untranslated region (UTR) of RNA is an important signal for the initiation of positive-strand RNA synthesis and capindependent translation. Most picornavirus genomes have one ORF encoding a polyprotein that is processed co-and post-translationally into 10-12 mature polypeptides. The canine Dicipivirus, however, is the only known picornavirus that has two ORFs and two internal ribosome entry sites (IRES) that drive independent translation of the capsid precursor and the nonstructural protein precursor (Woo et al., 2012) . The picornavirus 39-UTR has also RNA structures necessary for RNA synthesis; the viral RNA is polyadenylated (Knowles et al., 2012) .
The family Picornaviridae is currently comprised of 37 species grouped in 17 genera (Aphthovirus, Aquamavirus, Avihepatovirus, Cardiovirus, Cosavirus, Dicipivirus, Enterovirus, Erbovirus, Hepatovirus, Kobuvirus, Megrivirus, Parechovirus, Salivirus, Sapelovirus, Senecavirus, Teschovirus, Tremovirus; http://ictvonline.org/; Adams et al., 2013) . In addition, the genomes of numerous yet unclassified picornavirus candidates have been sequenced, most of which were without prior virus isolation (an updated list may be found at http://www.picornaviridae.com/). The gene regions coding for the capsid proteins 1AB, 1C, 1D and the nonstructural proteins 2C, 3C
pro and 3D pol are common to all known picornaviruses whereas the sequences of other nonstructural proteins (leader protein, 2A, 2B, 3A, 3B VPg ) are not conserved between members of different picornavirus genera and may be unique for some picornavirus genera (Knowles et al., 2012) .
Recently, we completed the sequence of eel picornavirus 1 (EPV-1), which was isolated from the common eel (Fichtner et al., 2013) . Here, we describe another fish picornavirus, which further substantiates the importance of limnic ecosystems for picornavirus ecology. Carp picornavirus 1 (CPV-1) was isolated from a common carp (Cyprinus carpio). The viral genome contains an ORF of 6807 nt [2269 amino acids (aa)]. The predicted polyprotein displays the typical organization of a picornavirus. According to the Picornavirus Study Group criteria (www.picornastudygroup.com), the unique genome organization of CPV-1 and low similarity between the conserved P1, 2C and 3CD precursor proteins of CPV-1 and the orthologous proteins of the other picornaviruses suggest a novel species in the family Picornaviridae.
RESULTS

Virus isolation and experimental infection of carp
An accidental discharge of liquid manure into a fishrearing pond in Lower Saxony, Germany, caused a fish kill with high losses (almost 100 %) of carp (Cyprinus carpio) and tench (Tinca tinca) in 2006. Dead fish showed no external clinical signs. Several dead carp specimens were sent to the National Reference Laboratory for Fish Diseases at the Friedrich Loeffler Institute and investigated for the presence of infectious agents. Using fat head minnow (FHM) cells, a virus was recovered from an organ pool of heart, brain and liver samples. Carp picornavirus 1 (CPV-1) isolate F37/06 induced a cytopathic effect 5-7 days postinfection (p.i.) in FHM cells. Chloroform treatment did not reduce the infectivity of the virus, and treatment with 5-iodo-2-deoxyuridin did not impair virus replication, indicating a chloroform-resistant RNA virus. This virus was characterized as picorna-like by electron microscopy (Fig. 1a) .
In order to investigate the pathogenicity of CPV-1, groups of five specific pathogen-free carp (approx. 25 g) were infected by either intraperitoneal (i.p.) injection of 10 6 50 % tissue culture infective dose (TCID 50 ) CPV-1 F37/06 or by exposure of fish to virus-containing aquarium water (5 l with 10 6 TCID 50 virus ml 21 ) for 1 h. Subsequently, the carp were kept in 400 l aquaria for 21 days at a water temperature of 20 u C. Two control groups of five carp each were treated and kept under the same conditions; the same A carp picornavirus isolate with two 2A-like sequences volume of analogous cell culture medium without virus was administered or added to the aquarium water. Carp that were i.p.-infected with CPV-1 showed no clinical signs, but virus could be re-isolated (2 days p.i. from brain, 10 days p.i. from liver and heart, 21 days p.i. from brain and heart) and identified by indirect immunofluorescence using 5C9, a monoclonal antibody against CPV-1 and Cy3-conjugated goat anti-mouse IgG (Jackson ImmunoResearch) (Fig. 1b) 
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No external clinical signs were observed in the carp exposed to virus in the aquarium water over the entire duration of the experiment, and virus re-isolation was not successful. In the indirect immunofluorescence assay, 5C9 showed no cross-reactivity with a picornavirus isolated from eels (data not shown).
Virus sequencing and genetic characterization
For molecular characterization, CPV-1 RNA was purified from CPV-infected FHM cells and used for library preparation. Sequencing was performed with the Illumina/Solexa methodology on a GAIIx (Illumina) instrument. Reads with lengths of 76 nt were created. Approximately 90 000 picornavirus-similar reads were used for a de novo assembly. A large contig of 7616 nt was obtained with missing nucleotides at the 59-and 39-ends. Sixteen missing nucleotides at the 39-end were determined by conventional Sanger sequencing as described previously (Philipps et al., 2012) . Attempts to extend sequence information by Rapid Amplification of cDNA Ends (59-RACE) failed. Our dataset was checked for potential contamination by mapping all reads to the nucleotide collection database nr/nt at the National Center for Biotechnology Information (NCBI) but showed no indication of microbial contaminants. The majority of non-CPV-1 reads were of fish rRNA origin.
The genome organization of CPV-1 is depicted in Fig. 2 Fig. 3 ). In order to exclude an assembly artefact, the correctness of the CPV-1 1D gene region was verified by conventional Sanger sequencing (data not shown). Interestingly, the CPV-1 genome exhibits two 2A regions with an NPGP ribosomeskipping sequence motif (Luke et al., 2008) . Presuming a potential 3C cleavage site at Q 656 S, 2A1 has a length of 51 aa. However, it is unclear whether 2A1 is cleaved off the 1D protein. 2A2 is a unique protein of 133 aa that shares no similarity to any available picornavirus sequence. Only the short 16 aa C-terminal sequence shows similarity to the known aphthovirus 2A-like polypeptides. The greatest similarity was shared with the 2A protein of the human cosavirus. The 2B protein is unique. The 2C protein has a D 1203 PIxIHFxGxxGxGKT motif (Hel-A; refs. 5, 10) that could serve as a NTP-binding site. Conserved amino acids of the Hel-B and Hel-C motifs include Q 1252 xVHYIDD and K 1291 GxxYxxxVVVxTxN. The 3A and 3B
VPg proteins are also unique. The 3B VPg N-terminus was identified by assumption of a tyrosine residue at the third position (Y 1504 ). 3B
VPg is a rather long polypeptide with 39 residues. The deduced 3C protease has an H-D-C catalytic triad with a GxC 1702 G active site and a G 1718 xH substrate-binding pocket. It is remarkable that the P1 position of all but one 3C pro cleavage site is occupied by a glutamic acid rather than a glutamine residue; serine, alanine and glycine residues are observed at the P1' site ( Fig. 3 ). Conserved motifs of the 3D polymerase are K 1914 DELR (motif I) (Koonin & Dolja, 1993) Viral RNA genomes exhibit characteristic abundances of dinucleotides. Therefore, a nucleotide composition analysis (NCA) and subsequent discriminant analysis may be useful for host inference of an RNA virus (Boros et al., 2011; Kapoor et al., 2010; Ng et al., 2012; Shan et al., 2011) . In order to analyse whether fish picornaviruses match this hypothesis, a compilation of 468 nearly complete picornavirus genomes was used for an NCA comprising 445 mammalian, 21 avian and two fish viruses. As observed previously for vertebrate RNA viruses, our data demonstrate that picornaviruses exhibit a characteristic underrepresentation of CpG dinucleotides that is more distinct in genomes with low G+C content (Fig. 4a) . In addition to CPV-1 and EPV-1 sequences, we also analysed a collection of 49 genomes and gene segments, respectively, of fish RNA viruses. The latter collection comprised sequences of several virus taxa (Alphavirus, Aquabirnavirus, Rhabdovirus, Isavirus, Betanodavirus, Hepevirus, and two novel yet unclassified RNA viruses from carp, i.e. a proposed seadornavirus and a picorna-like dicistronic+ssRNA virus). Fig. 4(b) shows the scores of the two canonical A carp picornavirus isolate with two 2A-like sequences factors that were calculated by the discriminant analysis using a stepwise selection procedure. As a result of this analysis, the frequencies of GA, UC, UG, CC, CG, AU and GG possess the main discriminatory meaning. Fig. 4 (b) displays overlapping scattering of the avian and mammalian picornaviruses but a distinctive dispersion of most fish RNA viruses. However, this difference is not distinctive for the CPV-1 and EPV-1 fish picornaviruses in this study.
Phylogenetic analyses
Phylogenetic analyses were conducted to investigate the relationship of CPV-1 to EPV-1 and other picornaviruses. For this, nucleotide sequences of two conserved gene regions of CPV-1 (encoding the P1 and the 3CD precursor proteins) were compared to the corresponding gene regions of 64 picornaviruses representing all approved and the available tentative picornavirus species. The sequence of BGPV-1 (M. Hoffman, personal communication) was included in these analyses. Both phylogenetic trees (Fig. 5 ) revealed that BGPV-1, EPV-1, Parechovirus, Avihepatovirus, Aquamavirus, the swine pasivirus, and the Rhinolaphis affinis picornavirus are the closest relatives of CPV-1 and comprise a subgroup within the Picornaviridae.
DISCUSSION
Recently, we characterized EPV-1, which was proposed to constitute a novel picornavirus species (Fichtner et al., 2013) . Here, we describe CPV-1, another fish picornavirus that was isolated from organs of a dead carp and genetically analysed. The genome of CPV-1 exhibits a number of characteristic features. (i) Although the 59-UTR sequence is still incomplete, it is distinct from that of all known picornaviruses and presumably constitutes a distinct IRES type.
(ii) Compared with the VP1 of BGPV-1, the 1D protein is rather short. The significance of this finding is unknown and was verified by conventional Sanger sequencing. (iii) One exceptional feature is the presence of two aphthovirus 2A-like polypeptides with large unique aa sequences. It is presently unknown whether 2A1 is indeed cleaved off the capsid protein precursor by 3C pro . The capsid proteins of many picorna-like viruses and double-stranded RNA viruses that are released by ribosomal skipping at NPGP sequence motifs are not processed by 3C-like proteinases (e.g. ifla-and totiviruses). Another example is the PX protein of hepatitis A virus (the 1D/2A precursor) which is assumed to be processed by an unspecified host proteinase rather than 3C pro (Graff et al., 1999) . (iv) CPV-1 has a 9 aa insertion N-terminal to the active site of 3C pro . A similar 10 aa insertion is also seen in the EPV-1 sequence. (v) Another unique 9 aa insertion is found N-terminal to the YGDD motif of the 3D polymerase. In addition, there is a stretch of hydrophobic and negatively charged aa at the C-terminus of 3D pol . The sequences of 2B, 3A and 3B VPg are unique. Due to the extended unique genome regions of the different picornavirus genera, only sequence comparisons of the P1, 2C
ATPase and 3C pro -3D pol sequences which are orthologous, yield meaningful results as presented in Table 2 . The data in this table reveal a low similarity of the CPV-1 proteins to the orthologous picornavirus proteins. This finding is supported by the phylogenetic analyses, which reveal long distinct branches at the root of the trees (Fig. 5) .
The NCA confirmed previous results regarding underrepresentation of CpG dinucleotides and overrepresentation of CpA and UpG dinucleotides (Boros et al., 2011; Kapoor et al., 2010) . The discriminant analysis indicates a differing scattering of some of the 52 RNA genomes and gene segments of fish viruses compared to mammalian and avian picornaviruses. Whether this finding could be useful in host inference remains to be investigated. For CPV-1 and EPV-1, a clear host inference by this approach failed due to insufficiently distinct scores of the discriminant analysis (Fig. 4b) . 
A carp picornavirus isolate with two 2A-like sequences
The sequence data presented here reveal a novel picornavirus that is distinct from all known picornaviruses because of two features. Firstly, CPV-1 has a unique genome organization with two aphthovirus 2A-like sequence motifs (Fig. 1) . Secondly, we observed a very low similarity between the sequences of CPV-1 and the other picornaviruses except BGPV-1. Both features, the unique genome organization and low sequence similarity support the assignment of CPV-1 to a novel picornavirus species within a novel genus. We propose the species name 'Cyprovirus' (from Latin Cyprinus5carp) and the genus name 'Limnipivirus' (from Greek limne [limne]5lake and picornavirus).
Metagenomic research in recent years has extended our knowledge of picornaviruses and revealed their astounding diversity. In 2005, the Eighth ICTV report listed just nine picornavirus genera and 22 species. The 2013 update in the Ninth ICTV report announced a total of 17 acknowledged genera and 37 species (Adams et al., 2013; Stanway et al., 2005) . In addition, several further picornavirus candidates await ratification (for a comprehensive compilation, see www.picornaviridae.com).
Most of the known picornavirus species have mammalian hosts, but the number of viruses identified in avian samples is increasing. In addition, there are several candidate picornaviruses of lower vertebrates as listed in the Ninth ICTV report (Knowles et al., 2012) . As long as no sequence information is available, concerns whether these viruses indeed are picornaviruses may be justified. Therefore, the recent isolation and the genetic analysis of several fish picornaviruses (from carp, the common eel, bluegill and fathead minnow) represents a considerable advance in the field. Nevertheless, many questions remain to be answered. (i) The pathogenicity and means of transmission of CPV-1 are unclear. Based on the limited experimental evidence, the virus may be considered an orphan with no apparent pathogenicity in carp, but this view may change when more data become available. Low pathogenicity might explain the concealed circulation of CPV-1 in economically important carp populations over many years. Experimental exposure of young carp to water with very high virus titres in fish tanks was insufficient for a successful infection, but i.p. infection was. This indicates that the natural infection route is not an obvious one. In contrast, elvers were readily infected by swimming in eel picornavirus-containing water (Fichtner et al., 2013) . Picornaviruses in terrestrial ecosystems spread by droplet infection or a faecal-oral infection route via contaminated surfaces and water. Novel means of distribution remain to be identified for picornaviruses that circulate in limnic and marine ecosystems.
(ii) The host range of CPV-1 is unknown, and other species may host CPV-1 beside carp. (iii) Both the prevalence and geographical distribution of CPV-1 are also presently unclear. The availability of sequence data, however, will allow the use of sensitive diagnostic assays in future studies.
It is tempting and promising to further explore the host range of Picornaviridae and to look for these viruses in other lower vertebrate species.
METHODS
Viruses and cells. CPV-1 strain F37/06 was isolated from an organ pool (heart, brain, liver) of a dead common carp (Cyprinus carpio) and propagated in FHM cells (catalogue no. CCLV-RIE 57, Collection of Cell Lines in Veterinary medicine of the Friedrich Loeffler Institute, Insel Riems). Cells were propagated in Eagle's Minimum Eessential Medium supplemented with Earle's salts, 10 % fetal bovine serum, 100 000 IU l 21 penicillin, and 100 mg l 21 streptomycin.
Indirect immunofluorescence assay. Indirect immunofluorescence assay was carried out as described previously (Dauber et al. 2001) . Briefly, infected monolayers of FHM cells were incubated for 24 h, washed with isotonic buffer (NaCl 8.28 g l 21 , Na 2 HPO 4 x 2 H 2 O 1.186 g l 21 , KH 2 PO 4 0.2 g l 21 ) and fixed in acetone. After rehydration in isotonic buffer, 25 ml of 5C9 hybridoma supernatant was added, followed by incubation at room temperature for 1 h. Then, indocarbocyanin conjugated goat anti-mouse IgG antibody was used as secondary antibody. The fluorescence intensity was rated from not detectable (-) to strong (+++) according to microscopical examination. To determine cross-reactivity of monoclonal antibody 5C9, positive reagents were tested on cells infected with other fish viruses including eel picornavirus. Hybridoma 5C9 was prepared after immunization of female BALB/c mice with concentrated and partially purified CPV suspended in complete Freund's adjuvant and screened as described previously (Dauber et al. 2001) .
Electron microscopy and biochemical characterization of CPV-1. Electron microscopy. Cell culture supernatants of infected cell cultures were adsorbed to formvar-coated copper grids for 7 min. The grids were drained with filter paper, stained with phosphotungstic acid (pH 6.0) for 7 min. and examined with a transmission electron microscope (Tecnai 12, Philips).
Inactivation studies. Lipid solvent sensitivity was determined by addition of 10 % chloroform (Roth) for 4 h at 4 uC to suspensions of: CPV-1 strain F37/06, the birnavirus infectious pancreatic necrosis virus (IPNV) European reference Sp strain (Vestergård Jorgensen & Grauballe, 1971 ) as a resistant control virus, and the rhabdovirus spring viraemia of carp virus (SVCV) RC 56/70 strain (Fijan et al., 1971) , as a sensitive control virus. After centrifugation at 2000 g, the supernatant was titrated on cell cultures and compared to untreated samples.
Nucleic acid inhibition assay. Cell cultures were infected with CPV-1 strain F37/06, an iridovirus (Epizootic haematopoietic necrosis virus, EHNV Isolate 86/8774 (Langdon et al., 1988) , DNA genome), and a birnavirus (IPNV European reference Sp strain, RNA genome) at an m.o.i. of 0.1 and grown in cell culture medium with 1000 or 100 mg ml 21 5-iodo-29-deoxyuridine (IDU, Serva). Infectivity was determined 4 days p.i. by titration.
RNA isolation. Virus RNA was purified from virus-infected FHM cells. Petri dishes with confluent cell monolayers were infected at low m.o.i. Three to four days post-infection, infected cells showing cytopathic effect were freeze-thawed three times to release virus. The lysate was transferred to 15 ml tubes and centrifuged at 4000 g for 20 min. Then, the lysate was decanted and virus was precipitated from the supernatant by ultracentrifugation at 100 000 g for 3 h at 4-8 uC. Viral RNA was extracted from the pellets using the RNeasy Mini kit (Qiagen) according to the manufacturer's instructions and stored at 280 uC.
Sample preparation, sequencing and assembly. Sample preparation was done with 500 ng of purified RNA using Illumina's RNA sample preparation kit (RS-100-0801) and Multiplexing Sample Preparation Oligo kit (PE-400-1001) as described in the manufacturer's description, except for poly-A purification. The RNA was isolated as described above and used for library preparation. Sequencing was performed on a GAIIx instrument (Illumina) running in 76-cycle mode to create reads with lengths of 76 nt using sequencing chemistry v5. To exclude low-quality reads, all reads having at least 1 nt with a Phred quality score below 3 were discarded. For assembly, the remaining reads were mapped to the NCBI nucleotide sequence database to identify picornavirus-similar reads. These reads, together with reads that did not map to the nr/nt database (201 144 total reads), were used for a de novo assembly using the CLC Genomics Workbench v4.7.1 (CLCbio, http://www.clcbio. com). The assembly resulted in 51 contigs. Then, the reads were mapped back to the contigs using the CLC Genomics Workbench. All contigs were removed with a base coverage lower than 30-fold in order to remove contigs originating from reads of potential coisolated RNA molecules that passed the initial nr/nt database mapping approach. This resulted in one contig with a length of 7616 nt and a coverage of 174.14-fold.
Fragment amplification and cycle sequencing. For reverse transcription, 20 pmol T-RACE primer (50-CCGATCGCTCGAGA-ATAGCCCTTTTTTTTTTTTTTTTTTTTT-30) were hybridized to 5 mg viral RNA. Then 40 U RevertAid Premium reverse transcriptase (Thermo Fisher Scientific/Fermentas) and a nucleotide mix were added in a final reaction volume of 20 ml. Two microlitres of cDNA were subjected to PCR amplification using specific oligonucleotide primer pairs. Standard PCR cycling conditions were: one cycle of 94 uC for 5 min; 40 cycles of 94 uC for 30 s, 55 uC for 50 s, 72 uC for 1 : 30 min; and a final cycle of 72 uC for 7 min followed by holding at 4 uC. PCR products were analysed by gel electrophoresis and gelextracted employing the QIAquick Gel Extraction kit (Qiagen). Purified amplification products were sequenced with Sanger sequencing using the CEQ DTCS Quick Start kit (Beckman Coulter) and analysed on a CEQ8000 sequencer (Beckman Coulter).
Phylogenetic and molecular genetic analysis. Picornavirus sequences used for comparisons and phylogenetic analyses were retrieved from GenBank (Table 1) . Nucleotide sequences were aligned with CLUSTAL Omega (www.ebi.ac.uk) and adjusted manually with the help of MEGA5 (Tamura et al., 2011) . For phylogenetic tree reconstruction of nucleotide alignments, four Bayesian Metropolis-coupled Markov chains were calculated with MrBayes 3.1.2 (Ronquist & Huelsenbeck, 2003) using an optimal substitution model. The substitution model was selected on the basis of the Bayesian information criterion (BIC) and the corrected Akaike information criterion (AICc). Modeltest implemented in MEGA5 suggested the GTR substitution model assuming gammadistributed rates among sites and invariant sites. Convergence was reached after 829 000 generations (P1 region) and 1 389 000 generations (3CD region), respectively. Nucleotide and amino acid identities between aligned sequences were calculated with CLUSTAL Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/) and presented as percentage. An NCA was conducted with SSE.1 (Simmonds, 2012) . The discriminant analysis with stepwise selection was performed with SPSS 21 for Windows using default settings.
